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Abstract

In this pap(_r, the notion of normaliz(_t no_L_p_._'ifici .ty is iiltro(hu'_l. The n(tilSl)t_'ifi('ity mea-

sures tfi(! unt'(!rtainty of the _._timatt_l t)arametcrs that r(,fl(u't iinpairmcnt in a controlled system.

Basted on this notion, a quantity called a r(_:onfig_tratian cov(,rage is cah'ulat(_k It repr(_ents

the likelihood ,,f suc(:es.s of a control re¢onfigaration action. This coverage links the overall sys-

rein r(diabifity to the achievahle and r_luir(xi control, a.s well ms diagntxstic performaame.. The

txJverage, wfit_n calculated tin-fine: is nsed for nlanaging the redundancy in the system.

1. Introduction

Reliability fi_-s always btx:n a sub.j,_:tive L';suc in the analysis and dt_sign of fault-tolerant

i oatrol 5yStelli.-;. It iV; rar_Iv a.'_._ciat_M with _m obj,'_'tlvc criterr, m t!,,z_t g:li(t,_s t.h_, (it_ign. Thi_

[)rt_fil'alltt'llt is dlle I_) tfit! fact that standard reliability asses_,in(!lll tta'hniqll(_ art! not gear[_l

toward systems wit fi the type of rt_tuntlan(:y that is involw_l in rtx'onfigurable control. There-

for(', it is ditticult to establish a fimrtional linkage betw(_'n reliability and diagnnstic/control

t)erfornlan<_e. This l)atmr is intend, sl to establish such a linkag(_.

Ont! way to a_'hit!vt! fault-tt)lerance in a controlh_l system is to rt_:ontigure its control law

when the system fails. The inethod of crmtrol rt_ontiguration b_'omt_ fea.sible and eff(x:tive in a

system if athnluate redundancy exists for pc_.sible ae('(imlnodation of few critical but fltrt._ahle.

failur_. The rt'ader is refcrrc_t to a rt_'ent sur_x W paper by Patton (1997) for an outline of the

state of the art m the field of fault-tolerant (ontrol. Some cau_ of difficulty, contmon to all

fault-tolerant t_ontrol designs, are the vagucn(._.s in the definition of a failure in the t't)Iit(_xt of

(*tHt|IOI t)('Ifi_llni_l¢'(_, the _lIltertainti(_ in tht syslt!la altd ill the exogenolls si_Ilal Illoth'._s, tat!

fimit_t proct_sing/menn)ry capahifitit_ in carrying (ntt (fiagno_sis, and, above all, the lack of re-

liabh' na_ans of managing r(_tun(tan['y, t_p(_'ially aalalytir rt_lundancy. For exanll)le, the ailrrons

of an aircraft are ltrimarily for controlling thr roll ntovement when us(_d differ_'ntially. But they

have als() a s(_'ondary fun(:tion of aiding elevons for controlling th(' pit('h ntovi!nlellt, 'tvh{_l[ lts('(l

collectively. Therefor(_, by ;uudytirally r_,ronfiguring the ('ont_ol actions of tlw surfact_, r('tlun-

dancy could be cffcetiv,_ly taovidetl without ad(t('d ha_dwaze. Unlik(. _he hardware r_llmdancy,

analytical ro(llltldanl'y in ilifii!r[!Ii! ill the static alld dyllanii( relations alllOltg th(! system valiablcs,

alllt is tnore tfitfi_:_llt to manage.

The (h_ign of r(_:ontig.urable control systt,nis is vommonly 1)('r,'t_ivixl to involve d(,signs (,f

lhr('t_ separate subsysteni mo(luh_ (Jacot.son arid Nett 1997): a control subsystent module, a

A scfit,matic diagram of a revonfigurable control systi'ln is shown ill figure 1. Ttu, control module

(.oatains a fii_it(, nltnda'r of pr_d('signl_l or online-d(_ign(!d (:ont_ol settings. Eavfi ('Olltrol setting,

when properly _de('ted nn(ler a given impairment condition, is to provide the ('ontrolh_t syst(_la

with a certain iires_:ril)(_t performance level. The diagnostic mothde processes the ntea.,_urements

to (_tiinate the current inll)ait ment condition. The recontiguration nlo(tuh_ decid(_ whil:h control

setting shoufit hc switched on to art conlnlodat(! the con(litton. Not(: tltat control _,c()nfiguralinn

need not take place war,never an inipairnl_'nl, t:ontti*ion occurs. It is only nt,edcd when c[)ntrol

l)(,rforman(:e falls t)elow a pr_cri})ed thr(_hold. In that case, a failure is said to have occurred.

An attempt was nladc by X_ru (1997) to link the re_ontiguration tort,rage with a diaga_sti('

resolution gild a control p(trft}rlnance thrt_hold. The ro(:onfigllrali()ii (:t_verag[, lll('imllrt's the

likdifiood of suc('_ of a r(,configmration action that ent('rs lh(' _,_s_.s';iaent af thr _vrrall syst[:m

rtqiability 71.,; oi1(, ot l[ltt t|(llnlllatlllg t)aranl('lers, lilt! (ilagll/)8[l(' lt_Sl_il|lillIl is [IttI_lti_I¢ t'¢i <Ill tilt:

bamis of a r_th.vallt nonslle¢:iti('ity lll(:_k'411r(?.

A inca.sure of nonsp_'ificity, a.s one type t)f unct,rtainty, was first conceived in terms of finite

crisp sets t)y |Iartlev (1928); it is usually ralh'd a llartley mea.sur(_. A inca.sure of nonsI)o('iticity

of convex sets in th, * -(tinlensional Eudittean spax'c wa.s proi)osed by Klir and Yuan ( 1995); th['y

call it a Ilarth_y-like measure.

One of the nlain c,)nlrilallions ill this palter is a rt:fillenleilt ,)f the nonsl)(_t:ificity me,_'_ur(',

wfii('h can be appfi(_l to tne_urr and ('onlt)are uncertainties of vari(,lls physical quailtitios of dif

ftacnt physical dim,msinns in a tneaningful tnanner. This is a,'fiiev_l by a normalization i)_(,c(_.

As a r(_ltlt, nonsp(u:ifi(:ity in dimensionh_s and ha.s a rang(' t,(,lw(a,n zero ;uid one Two inli)ort ant

17[lO_k'41lr(Y-; (If r(,,f ()n[igllrlk})ll _ ('l)iltllll systl_lllS at[' tfil!ll d(,ri%'ltd frf)ln th( _ ll()rnla]ized llOllSplR'ifit'it_,q

()n(' Int!asllrt's the lterforlllalll:e of lhe diagnt'hstic nlo(hlh! il| l l?rllL_ of (fiagnostic resolution, and

{)lie [nl!a.Sllll5 the perfol illaat'e of the rl_'l)ilfigltration lllOttlllt' ill tel Ills of (ovt?rage. This (:ovcragl,
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allowsusto depi_ t in a precise manner how the overall system reliability is related to the tier -

fl)rlnance of till! control subsystem moduh_ and to the llelforlnance of the diagnostic subsys_enl

inodulc, Thewfore, it is suitable a_s a critermn for the inanagement of analytic rtxinnd_uwy.

The paper is organiz(d as fullows. Section 2 iti,_'us_s some bal'kground material, inchldmg

the modeling of a plant in a way suital)le flu' (Olltrol rt_:onfiguration, and tile prollel ¢'LKqONSIIIPIIt

of llu! CoIIttOI perhmnance. Section 3 int.roduce_s the notion of norlnaliz(xl nonsplwificity upon

which the diagnostic r(_olution is defined. S_:tion 4 intrl×hu:l_ the rcconfigllration performance

lncekqurc ill till! fornl of a coverage. The coverage servc_ not only a.s a nleallS for incorporating the

a devke for nlanaging the analytic rl_hmdancy, hi this regard it is ILs(xt as a ranking crilenon

for schwtmg the nlost reliable control law. An ex_mlplc is disl:u._sl_t ill which the relatiolLskip

betw_al the level of r(woufiguration coverage and the levels of diagnostic rl_ointion and vontrol

performance threshoht are glaphlxt. The graphs offer a eh'ar view of the alternatiw..'s by which

the di_ign objectiw,'s Cml be either _u:complished or conlpromised.

2. A fuzzy set de_criptinn of control performance

Th,, tmrpo.se of this section is to elinfinale the vagnenl.'Ss in the definition of a failure ill the

context of cont rol l)erforluance, and to create a reference franll!work for rcthuldancy inallagcnlcnt.

Since thl: desigu i)f both the control modifle and the diagnostic module ill a rc_:onfigurabh_

control system is bastxl on the knowhdge of the plant, it is importlmt that a inodel suitabh; for tile

p_po_eofco:ltro!r_.e'o:!fig_!rationbe_-tablish_l [3y_!dtabh, w,,m,,al! Ihal impaiul_e,d..fcdliqal

nature clllt!r thl. model in an approl)riale manner, and awculable redundaawy is flllly refl_wn_l ill

the nio(M. In tiw following di.,_'u._sion, it is assunu_d that all iiilpalrnlellts under _oasideration

(!ntcr Ill(! plallt model ill the form of appropriate para.na!t_!rs. Some enter l-ksptwsical parameters

when the inodel is f()rm(_l based on tilt, laws of physi(_s. Some corer as coefficients when the

nlodel of a preN'ribcd structure is identitil_l through solne expermwntaI mealzs. Others enter

simply a.s dilnensimlhxs scaling fa_:tors to indicate the degree of almornlality of some partimtlar

i-olllpl)nents. Suppose that at a giw,n operating point, the state-spare linear nlodel

: ): A: ) B, ,. )= C': , .(o)-.,.,, (1)

simulates the input-output charalteristics of a illant, when , _ _nd ** arl _- n -, and _-

dimensional slale, input, and oulpul vl_-tors, respeetiv*'ly, an_ ./ b an¢ C are known matrices

(which may be time (h'.pendenI) af appropriate (limensiot_s. As an exaanple, the inlpairments

r('pl'[!seiltilig tit(? loss of sensor/a.ctuator eff('('tiv(!ll(!ss can be ('hal'a('lerizo(l by scllso! and a(tuator

effe('tivenes.s factors. Tim factors enter the model in the fi)rm

I - L 1 A,, ( - ( 2 ('_,

where _, - dis _ , .,., b, ], and ._ - dis b,,_. , ., b .... ] ('_Vu 1996). Each 31 ranges

between |), repres(!nting no lo.,,.n of efl'[_.tiven(_ss, an(l 1, rel)rt_entmg comIfl('tt' loss of the (,ff*_'

(ivencss in the _tl el[el'tot (sel_sl)r or actllatt)I), hi gt!nt!ral, v¢c de_ill/_ an illlilaillnen[ paxalneter

space a.s the Euclidean SlleWe of all parameters that change their vain(_ as the resuh of sonic

illlpairlll_qlt Th(' pr('s,rib('d rail_e of varial iOll of such I aralal!t q_s flffni ;t s[,t ill (hi' illlp_b_*_'llt

i)aralll(,t(,[ :_pitt't,. I.ul _ (lt'llt)lc d. Vt'I (I_l ill the illlI)aHlllClll paialllett.r sl)_tl i. _lt (tillWllsiO .\ .4lid

_] (h!nole the set over with:t O r¢>idl,_ when impairmenls occur. Withom low of gencrality, (] can

be l'egar(h_l a.s a hyper-re(:tangh'

t]: Ot .... <¢ < O_..... = : '

Denotl, by _b,' tile hi)finalized itnpairment paranleler dolnain. It is obtained by scaling each axis

of the impairnlent parmneter splwe by the respt_ tive Lcl)l_gue nleasur(_ of the l)rojectious of

inlpairnl(!Ii! dolnain _] onto thal axis.

I . Ot ,.,,,
n -{ ,t=l, NI0en}. (2)

• O_ ,,,,._ -- Ot ,,.,, "'"

Obviously, fla. is a unit hypercube which will be used to define the normalized nonspecificity.

iu Lhc abuse c_uVl_ of _ciNz//_J.iia;o_ ili'ipg_7;T.,2ra_, t ..._. r) ..-._ (_ "-_ ;'7,;. ', _+l..I; ..... ;_,,1

hyper re_tangles in m + pth dimensional Euclidean spaces. Next, cx)ntrol performance will be

defined over the universal set of the impairment domain.

In the schematic diagram shown in figure 1, G(O) represents a model for the input to output

mapping of the plant, including models of actuators and tile sensors. The argument 0 is made

explicit to indicate that the model is dependent on the impairment parameter vector. Vector w

contains all external signals, including disturbances, sensor noises and reference signals. Con-

trolled output z is an error vector, capturing the design specifications on the system; y is the

vector of measured variables; u is the vector of control inputs.

Let T,,_(O) represent the closed-loop input to-output mapping from w to z. The control design

problem imder a given impairment condition can be formulated as follows. Select a control setting

that maps y to u so that

sup [IT_,(0._)II._,< % (3)
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wherethesubscriptsi_ an( out indicate the norms used for measuring the siz_s of the input and

tilt! OUtlnlt space signals, resta_:tivcly 3 > "r,,_t is a pc,sitiwr real nltlnber representing a pre_:rib_t

l)PrfiH'nlanl't! level, am 3,,v_ is the nptinmlly achievable performance hmel. Depending on what the

input aml output spaces ree, design procedures vary and the rt_ulting contwllers arc different.

Several software p,wkages are available, such as some M ATI.A |t 'rnolboxes (Balms, et at. 1991),

wJmh conlaill mutim_ fc)r syntliesizmg such controlh_rs whel 171is a linear aim time-invarianl

inlml-OUtlmt malmil - ' both input and output sigmd spac(_ are Ililhert st)ac_ of energy

bounded signals L ( =. )). No matter how well a iimdel repn_ents the plant to be controlled,

:_;;:vll;liz_t[c:; _!:;c H; iii_<[t /illg, rrZ_U:; ;J.Z;(! iZ_ "h" :'K_?gCiK?il;q 5igllal_ are i/,Iw;l,"5 _]rt,sl,Ii_. _ll['l:

un((,xtainlies call tm fta maliz(_l in plant nlod( G of figure I as weighting factors (Doyle, et at.

1989) A goad ccmtml d(_ign avhirvcs thr n_luir_l prrformanvv in I'he farr tff tlv_e unceriainti(_.

la this ca.,a,, tim cc)ntmller is said to provide a robust perforinance. It shc)uhl be point(xt out that

thc imrposc of this paller is not to discuss fuzzy logic contTo of som model fre_ plant (Mendel

1995), nor to discuss any human-intervened fuzzy supervision (Frank, et al. 1993). The plaat

Ill be iontrolled is reasonably well modeled, and a complete automation is r_luir_l for control,

diagnosis, and r(_:tmfigltration.

Suppo_ that various iinpairinent scenarios require ttu .A,I different controllers be designed,

each guaranh_fing that pcrfornmnce leve 2 be :'_"'-d under a specific .'_t of impairment con-

ditions (a subset of _]). Sunnase a set of suc M controllers has been obtaim_h Let tlume

controlh_rs be denc)tt,d b, 6" C . ... _'_ , and let _ts iuhtr_s tim issue of eontrol performance

nit d._illrl . l)¢!hlll! all altcrtlative t:olltrol |)crloriaancl? lll('i-k%llre

1

P ' ) = sUplw,,,. , }}T':(0)}{ .... (4)

as a fimetion of 0, where the superscript i indicates that controller C, has been used as the

feedback mapping in the performance evaluation. Some _oftware packages (Bal_, el, al. 1991)

ema be usefld in calculating the pointwi_ me._ure for each 0 _ D. An impairment pararneter

vector 0 moves away from the nominal value at which the design of 6', iz carried out, the value

of #,(0) generally deere_es. Naturally, M fuzzy sets

C, = {(O,.,(O)),i = 1..... M} (5)

on universal set II are formed. Each fuzzy set represents linguistically control performance

achieved by using controller C,. Figure 2 illustrates such a situation where three controllers

have bt_'n designed to cover a ollo ,li,,,,!nbional inlpairnlent paranleter donlain. Withollt lOsS of

generality, it is assum(ut that O.u, 0,,,, 1. Note that fault tolerance can be aclliev_ut only

if sullicient redundant control authority exists in the system, whilh is tim case in liguru 2. This

point will be timber elaborated shc)_tly.

LI._ /r t &'note a prl_cribl_l control l)erfc)rnlall(;l! ttm_hoM to distinguish the normal from a

fail(xl opcratic)n fi)r the controlled system, ix'., a hdlure is dtx'lared if

p , < ll_. (6)

_'bl!IIl_wPl t]li_ bl'l'fHIl{_yl the t'i_.sc a clmtrol r(_'_)n_llrati(lll is iv't t!s._arv TIll! (,Ssl,n(i, tlf conttol

reconiigllra[ion is the iilallagcnllqll (if Ibl? ('c)ntrol rlql,vant r('dlllldalll'y, Zh(! sllbscqll(!llt s('clilm

will discuss the criteria for making cc)ntrM rrconfignratic)n deeisic)ns, and the risk axsc)ciatud with

a particnlar dla'ision.

[tefcrring to ligam_ 2 agait_ it (:all be sl"_!n that some constrall|tS nlllSt b(' inlpos(xl on the

control module wbt!n tilt, s(,t ( }w is ('c)nstruetl_l.

First, in i)rder to guarantee that the control pt!r[orrnaln'e is always kept above the thwshold

by at. least one controller anywhere ill the inlpairnn'nt l)arameter domain, a sutticient overlap

must exist adnOllg f_lzzy sets (4) ()r (5). In nlatlmmatical terms, this ct)ndition can be stattq as

ma I_ ' >tO. X, ( I. (7)

Instead of using lhe maximum opl!ialor ill (7), we may IMP.!a particula_ -c(_norln i_,_ociated wit h

redundancy nlllSt t?xJst in a systcm in c)rder to make fault tolerance possibh,.

Stw ---n'" since cc)tnplexity is dctrinmntal to the reliability of a system, the nmnher of con-

trc)ller_ ,"_ ) in the control module ought to be kept to the ininiul_un. This condition implies

that eat-h controller ought to bl, d_'sik, m_t to achieve the maximM robuslne.'_s with rt_pect to

the variation ill tilt! ilnl)airnlent parameter vcctfw Eul)posl O' ( [l is till! nc)nlinal inqmirnl(_nt

parameter value at whil:h the design c)[ ['c)lltr[_Ile (" ;_ ,'arried out. Lel J/_ dt,nc)tt! tilt: Lcbesgu[!

n|ea.sure of a ball centered al 6 with riMin', r in th z'_ diml_tmional inlpairtnent l)aran.'ter space.

A robust design problem could be finmulat_tl as fi)llows.

Illltl T,

for which

1
inf

o_u, s,tpl..,. ,:_ lIT' (0)ll.ol ->m.
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Althoughthet)a.sttwo(l(_:adImhavemalk_dsomemajordevelopmentinsystematicap-
proacht_torobusttlt_iglls(Gr(x'nandLimebeer1995),afocus(xletfortissrillverymuch needed

f.r the development of an iterative search proctxhue that leads to a set of interactive robust

controllers with a wall defined overall optimMity. Our effort along this direction is undtu way,

hm will llOt hi! filrttmr discussed in this paper. On the other hand, for ally existing (h*ign of

the control module, regardh_s of tilt' approeu:h a.nd the criterion by whMl a th_ign is carried

out, a t:ontrol perfornlaltce evaluation in the form of a set of fuzzy sets can always be obtaintxl.

l[owever, if the rv_sult of the control perf()rmaltce evaluation violates one or both constraints

....... t; ...... I ,I.,,,*, Y.Olllt? ll:_:!_i[;Itil}ll ..... t't I ....... "1'" ;" tl ......... t'''l ...... II'l" ']f_i_ ' rln'] [''1 in ft_''

t (altlol pt.rforlnal|('t, Sl>l (iti( ations.

Knowing that a succt_sful control reconfignlration action depends on the i-u'curate knowh_tge

of illlt)airlll('llt t)aranlt!lel I , thl! challenge faciIlg ItS is to awluire and to ret)rt_ent this knowledge

ill tile presence of unrertainties.

3. Normalized nonspecillcity

This stx'tion in(rodin'is the notion of normaliz¢._l nonspecifi('ity winch is then appli(xl to

provMe a tnt!a.'411r(! Of the llncertaitlty ill the illlpairnlont paralileter estimate. The section also

dis('us.s( .,s how existmi_ deterlninistic and probabilistic based diagnostic scheme_ can be retrofitt(,d

into the lmssibilistic formalization under the uncertainty invariance principle (Klir and Wierman

1998),

The past two decades |lave witness(_t much progress in the t(_'hniqu(_ of fault diagnosis (Frank

I_UO). _ lit(Ill tilt' cat('gory o[ Illo(IcI-Dak_t_(l (llagnosLll I(!chlllqllCS_ [ilcrc arc Dotil iiPIorIlllIllSlll'

and plobabilistic approtu'hes, hoth crisp mid filzzy model-ba.sed approt_:ht_ (Dexter 1993), both

analytical alld fuzzy-logic apt)roac|l,_s (Aubrun, et al. 1993). The emphasis of th(_e developments

has b('(!n ()It (hi! prolnl)t alld at:curate identifi(:ation of the system vondition, ill th(! fa('o of

mlccrtamties. Ill a control r_x:onfigurahle system, the role of the thagnostic moduk: is to provill(_

illfl)rIllaliOll to th(! rlx:()lltigllratioll ino(illle oil )lit' Cllrr_.!llt cou(iitioll of till! (olltrol](xl systlyln ,lift

that the existing redulldallcy can tie best utiliz(_l through control r(_:onfiguration, tlowever,

due I,) linliI(d proc(x';ing/nl('mory Cal)ability and th(, pr(.'sen('e of model/signal un('ertainti(_,

conclusions on the systenl ('onditions are always ha.sell oll insult(client information. One ix tenlpt('d

)o directly utilize tht' available diagnosis tit('hniqui_ and blx:ome l)r('ol:(:ul)i(_l with the ('on,:erns

rl'garding such issu(.'s ms fals(, alarm, InissxxI detlx:tion, aild false identification. As a C1}IIS(N|III!II{ (!,

('on(:hlsions are drawn l)renlaturl_ly at the output of the diagnosli(" inoduh,, which ito not take

into ('()nsid(_ration the control modull' involved.

A r('In('dy is to entrust th(' decision to tilt! re('onliguration nlo(Inle that can ct)tnhine th(!

chara(:l(_ristit's of the ('ontrol and the diagnostic nlo(htlt_s. "What is n(x'(lt'(t fronl the (liagnostit'

subsyslenl, ill addition to tile (_timate of the lint)airmen( i)aralneter vector, is a description of

the uncertainty _kssociated with i'a,h (_tiina)e ill )elms of a Imssibilily runt:lion. The rationale

for the use of possibility runt'(ions is thai regardles.s of the tliagnostic scheme used, iml)airnlent

l)alalllf!tt!r (!stilnat(!s Call always It(! (l(!sllit)(?(t tly fuzzy Illllllb(?IS (lnoru (Iis('llSsion at the ('lid t)f [his

s(x:tion) and th(.'se (:all be givt_n a natural pl).,_sibilisti(: inttaprelation (Kill 1999). Ill addition,

fuzzy sets have h(,en utilized ill doscribing the ('onttol t)eifornlallc(_. The interaction of tht.'se

(h.(isions. Etfort toward the possil)ilis)ic diagnosis, thongh limit t_l at th(. t ixnv, ah(:a(t} t'xist._

(Kang, et al. 1991), It was ot),,_rve(t that a Ill()r(' t)rudt!llt trt!atln(!ilt of utt('t!rtaillty van rt,'suh

ill all inlprov('d reliability, and inaxitlllml/ltliIlilnulll Ol)(,rat iolls in possihility t hpory ('all in(Tea.st!

t he compllt ational efficient'y.

Suppose the identified impairnl(,nt i)aranleter tla.s l'men relm.'sente(l by a normal fuzzy set

i - 0, ,)), ( l,• j,

as exatnplilied by a triangular-shape n_,'))_k,'rship filnction ill figure 3. The quantity /H in tim

figure will b," di_v,_s,_(,d whet, _,_,,Imio H is formally ,h,iined later in the s_:',ion. (See eqnation

(12).) Set , = , _ _ , 2. , } forson_(_vahl, t _ [( 1] is called th, (-('ill o /:. Thefnzzy

,_,,t },,'a!'_ a im.Mhilisti( ' iifl(,rprt,tatitttl (Nil) 19991 Ri[](" F is I,_lma] Ih(, ass(),'ial(,d i.,s.dhi i)v

distribution. _, i5 given m this _:ttsl_ hy till' formula

,', ,)= ,)

frw MI ( ( Q. Givl'n now an arhitral'?`' filzzy se . - 0,, , )) , ( ], the l)ossihility m(_a.sure

c / ha.sed on possibility distribution rv is given by Ill(! formula

Po,_, ,)=s. In( ,, .., ], (81
O6

Th(! llotion of llorlnaliz(_1 llOllSplt('ificity ks now iIlti'odll((t(I for a fllzzv set (h'lint'd fill a: 3

dhn('l_sional Euclidean spa(:(! (iml)airni(!n) paraln(!t(!r spa('(!}. Nonsl)l_:ifi(:ity is not the oil]?,' known

uncertainty inea.'mre. Within the domain of possibility thtx)ry, however, nonspl_'ili('ity ha.s l)(x'n

shown ttl domilmte the total mea._ule of un('l'rtainty (Klir alld _3,'i('rman I[)981•
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Thellartley like tuna.sure of a convex se A in th A dimensional Euclidean space ha.s benin

shown to lake the form

II_ :): min,_ lo ,]- {1 4 AI )4 ._] _ AI } (9)

1 1

under _)llle sl_ndard llll_:erti_.illty nma_,_re axioms (Khr and Yua.n 1995), whort T is the _!t of

all unitary transfi)rmalions on lh, _ -dimensionM Euclidean sp_u:e, and Ai] is the Leb_gue

m_,_sure of the plojection of se A on to the th axis of the unitary transformed ct)ot_dinate

SVsten| Itlldt.l _ traltsforn|atioIl . In principh!, tht! logarithn_ ill {9) can be of any bmse. Ba.'_e 2 is

, llo.(n ft,i 'Llit t)mi_o_c of ._implif_ing a nollnaliz_ttion t)ro_._.*, to l,e inllodlt_si sh_rtly. \Vhcli

tht: (?XtJt:rilllt!IltAl flAlll{a.t,'Olk iS {OttlilllX| Ill the noNnaliztxl inll)airlaellt (lolngin _p, o.s defill_fl ill

(2), tim original guclideasl spat'e is effectively re-scaled along eau:h axis by the Lebcsguc measure

of the proj_u-tiou of hyl_ert abe _. Using the ltartleyqike me_.sure given ill (9), the nonsptvificity

/ I ) of normal fuzzy se F is cah:ulat_t by the formula

I 1)= f'll* 1 d., (10)
i

a.s explained in Klir _uul Wiermam (19981. In the next theorem, the normMized impairnlenT

Theorem 1 < I 1 < 1 I 1 ) = 0 if _md only i F is a singleton.

Ploof It+ , I i,_ ,., ..... t.tut t.o satisfy the axit_matic rl_tuirement.s (Klir and Wiern,_,, m98)

tha 111 . < II_ t) whenew_ .* c k wher, A, I c A. Therefor 11, 1 > /I. where

tli 1 ) = {I ill F is a si_wl,,tr._ in ll_. In combination with the definition o I I ) tdvcn ill

(10), this impli{_s tha I 1 > (I, and lha / 1 ) = 0 ill F i_. _in.,h!ton for any givm _ . This

inlpli*_, in l.llrll, tha F is a si,,td,'_,)ll. ()tl Ihe other hand. , ( o. By the nmnotonicity of the

Ilmth'y like mea.sm_ th 1 • 11, (_'t, ). Coeva,quently I 1 " t (Q. _ l:lu Hi (_:) - 1 by

the d_finition given in (9) bccau.'_' l_.,_ is a hypercube. Therefore I 1 < 1.

D,'hen _u is one-dimensional, the calculation of the normalized nonstveeifici W is nmch simpler.

In this c_se,

1)= lo 9 (1 _- [ d(_, (11)
0

wht:rt: , ( _2., , _lld f ] is the heb_gne IllCl-kSlll{' of _ .

\_,_ dell,, ..... _w a diagnostic r(.'solu)i(u I 1 ) fi)r a sl)e('ifi(' diagn(_stic out('omc dcs('rib('d by

fllzzy se _ _ _1,_ by till' formula

1

1 1 ) 2 v(v} - 1 (12)

Theorem 2. In a one dimensional impairment parameter situation, diagnostic resolution R(F)

satisfim the inequMitie_

] < n(V) < o_. (13)

In addition, R(F) is equal to the inverse of the core of a crisp set that has the same nonspecificity

as fi_zy, set F. (See figatre 3).

Proof. Since 0 _< U(F) < 1 by Theorem l, the definition of R by (12) yields immediately (13)

Suppose there is a crisp set C C_ _, such that t6',.I = I/R(F) for all a e [0, 1]. Then its

nonspecificity is given by the formtfla

l 1

U(C) = _ log2(1 + -R_)da.

On the other hand, U(C) and U(F) are the same by assumption. With U(C) replaced by U(F),

R(F) of the form (12) is obtained by solving the above equation.

[]

The geometric interpretation of R(F) as it rdate_ to the nonspeciticity of F is depicted in

the figure 3 when 0 ..... - 0 ...... - 1 is satisfied. Before normalization, on the other hand, the

nonspecificity appears as

U( F') = f, ' lo92(1 + I"Fl/l*ll)d.,_. 04)

In this case, the Lebesgue mesure of the non2specificity-equivalent crisp set C relate_ to R(F)

through the equation

Icl = n--_

It is important to point out that normalization is absolutely neceasary when nonspecificity is

to be lined in a real world problem. Normalization had not been considered for the definition

of nonspecificity prior to this work. By using the one-dimemional case as an example, let tm

analyze the consaquenee of employing the non-normalized nonspecificity. This is the case when

I"FI c_ 0 in (14) is not divided by the Lebeague measure of impairment domain [f_l. It is noted

that the numerical value of I"el can be made entirely arbitrary, because the uttit used for the
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mq)airnmnt param(,ter can be arbitrarily sel(_:ted. As a rt_ult, the nmn(,rical vahm of nonsp_:i

ti,'il: I 1 ) is arbitrary. When the. unit of impairment parametel 0 is tix(_t, the non-normalized

nonspecilicity can be itsefld but only m a relative sellse, hi addition, adding a dimensionless

qmmtity 1 with a quantiD, with a definite physi(:al dimetre|on t ) is a flmdamentally ire'or-

rcct lnathelllath-ld Opclatiotl. Whull tilt, inlpairinent paranmter space is of multiple dillleltsh)nal,

without n,)Hnalization, ,me is indt_xi ('Oml)aring aI)ph_ with oroaigt_.

Since Iaos|. existing diagnostic _'hemes axe either deh!rministic or probabilistic, tilt! retrofit

iSSlI(!, i.(!., the transformation of till! diagnostic OlltCOiil{! frolll its original rcpre_!ntation to the

i,.,<_ibi!istb r,.pr_,s(.nta!i,,,_ !_(','d_ t_ b,, ,!iscn_,,d

An estimate from a deternmlistic diagllostU: s[*heme is ret)r_ienled by a point p lil the illl-

pairmcnt i)ariullt.t,('l spac(_ with an error bound J. This (!trot bolmd ks typically the radins of a

hyperspherc surrounding the pOillI. Le I p, ) (|eIlote the set enc|os(_t by the hypersphcrc. This

s(_l can be dcfin(xl by the char_u'teristic fl,n,'t]Oil

f ,Cl _
_)=

llence, it may be viewed a.s a sp{_:ial fllzzy se l. The. corresponding potksibility mea.snre of this

filzzy set is readily obtained by (8).

()II l,h(! other hand, an estimate froli1 a probabilistic dlagmc_tic scheme is repr(_ented by

a prohahilily disHitmtion fimction. The transformation from the t)rohability to a possibility

fi_rn:a!izati_):: is b.:)w,.w:,r :nor:_ i::volv,._t The read:_r is r:_ft'.:'r,.x! to r,.w,:nt pap('._s by K!i: (1!198) a!.!

l lal malwc aim Klir {1997) for more iuf, rmation. The folh)wmg example shows how an uncvrtam-

mvatiant Inobability to p(_sibihty transformalion is nla_te fl)r all i|npairment parameter |..,stinlal[!

called devon efft_:tiven(_s ftu'tor thai enters an aircraft model. Please see Bida.s et al (1991) and

Wu and Chen (1996) for a description of the 4th order linearized state space model ml(t its

inodiIica! ion.

The elevon ethvtivem_s is _timated iLsing an adaptive Kalman (_timator (Wu, ct al. 1998),

and at ead_ giw_n time is d(_crib(xl by a computed probability density flmction. This density

flm,'tion is then integrated to a <hscretc probability distribution fimction, a snap shot of which

at = ,lsvc is shown in the upper pl.t of figme 4. Although treatInellls for boflt conliauous and

discrete Ulm,ersal sels are ava_labh,, our ('(lllI.illllOllS probhan is to by trcaI_l iu the di,,a-rete domain

fi_r _(m_imlati(mal (tli_i(n_y. The h)w_r plot in figure 4 shows t|m p_xssibility distfitmtion at

- tsec The following r(_ult is us_t for carrying out the i)robability Io Imssibilily trm_sformation

fin Ih[' [?XilIllp]U

Theorem 3 (llarmanc_' .n,I Klir 1997) Le tl denote lhe numbe_ of distin('t values of in the

k-tupl < p , p: •. • p, >, repr(._cnting a probability distribwi-., arraw.t!d in (le_.ondi,_o _ml._

Then there _,_i, fl int_.Kefs ' i ,.., it G , "" I, sll¢'h thai _c .- n) > p,_ _ .... p, ">

"" > Pi_ _+ .... t% • All possibility distribution <. r ..., t > c[)Ixsistent with the given

probahility distribution and containing the same am(rant of mwertainty me all |hose possibility

disiributions that satisfy

fi_r all -- [ ... 1 (with _ Ill and

ri > _ • Pl

I .

for C ..., } i +1 =(, , .. ,1 ].

The Iralksforlnation cxpr(_s(_t by Th_'ort!ill 3 l'(!IllaillS Ill(' Salll(_ for all}' nllllti(|illl('nsiollal ('a.se,

provichxl lhaI the probabiliti(_ and th(! t)o_sibilities involv(_l rot! or(haed a.s si)(wificd. \Vhen there

are (_tnal probabilities in the dislribntion, m_ additional criterion is need_xl Io umqudy determine

the ('orrest)ondmg possibility inca.sure. Th(! critl:rion of ill_Xil]lal llollspccifi(:ity (Ilarman(,c and

Klir 1997) is a(toI)ted, for one wish(_ to be constrained only a.s much a.s n(_:e.'asary m making

d('cisi_)ns ba.,,ed on the possibility distribution.

Figure 5 shows lhe plots of the nonsp(_:ifi('ity mM the ,'-rr_l)onding (liagnos_ic r,.sohllicm its

the method us(_l for diaKnosis. The volatile behavior in th(_v tflots in caused by a sudden drop

of _h(' elevon control eff(!ct.iw!m_s at = 5s(_:. The impairnwn! [)alallll!ter _tilnator r(_:ognizes

the large m_(:ertainty ill the (_tilllat(! during the trallsi('Ilt proceKs.

4. Optimal redundancy management

The focus of our (liscassion in this section in shifted from thv diagnostic modnle to tim

reconfiguration mo(hflc where the d_%ion is mad(. on whether and how a control re,',)ntiguration

shouM take place in order to ai'('()lilil|t)(lat.i, a failure. In this regard, the r(_'onfiguration moduh_

carries [)ut tile task of redundancy management. OI)timal re(hmdancy management anlolmts to

seh_:tmg in a prescribed (:la._s of controllers on(_ and only one that. offers the high(_ wliability.

I! is possibh_ to estimate the likelihood of success and the lik(,lihood of m_suc['ess in a w(on-

figuration a('tmn, which mc r(_pectiv(,ly Ilaln('(t a COVl!ragl!, _, and a ('Olllt)l(!lll(!lltal'y t'ov('ra_[',

,, in _he following dis('ussicm. M_m_ sp_:ilically, the coverage indi('at(s the lik[.lihood of fuzzy
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st_t(controllerC b_ing sehx:ted while the actual impairnmnt paraioptor li,_., within the interval

over which the pr(_crib_,d control perfl_rmance level is achiexx'd p . __ ,W )- The complemen-

tary coverage indicat_ the likdihood of fl_zzy _ C being _:l(x:ted while Iht' actmd iinpairment

parluaeter lies _utside of the interval.

Suppose the r(_'oofiguratioe module h_s _leete_ C, by using some ranking method. The

('ovt!lattt! calt In! defined by using the l_.Iio of two weighttxt nonlinear intervals. R(_:all that fllzzy

,%(_ /" I(!Ilrt_i'ltI Ill(! ont('on Io _f tilt! iutpairnwo t n:_rnI|t(_t(!r (_liTH_lit)It. Expres _ _.S ttw union Of

lwos(,l F ( F, whel, F - 0,. ,)) p , ) It ],an( .g - 0,_ ,)) p , < # . Then

J m t' ,l,, _ U(F") (15)

ft_ HL('F)d_ U(F) '

and, similarly,

= £ HL("Ft)da U(F') (16)

_ HL("F)da U(F)'

where HL(.) denotes the Hartley-like measure defined by (9), and U(.) denotes the nonspecificity

defined by (10). Fttzzy set F is subdivided according to whether a particular possible impairment

condition is accommodated by controller C,. The following one-dimensional expressions for the

coverage and the complementary coverage may reveal more explicitly their dependence on the

partitioned fiazzy sets.

f t log_(1 + j"r"l)_ (17)e _ {t

f,l too_,(1 + }"Fl)da '

and

C : _ 1°9_(1 + I"V'l)da (18)

fd 1o9_(1+ I'Fl)d_

These expressions show that the coverage and the complementary coverage depend on the di

agnostic performance, characterized by nonapecifieity U(F) which uniquely determine_ the res-

olution, as well as the control performance, characterized by threEaold /Jr, which uniquely de

tortoises subdivisions F" and F t. Therefore it links the performance of individual modules to

overall system reliability.

Theorem 4. 0 < c < 1 and 0 < c < 1. In addition, 1 - c < e whenever the subadditivity of

the Hartley like measure with respect to set union (19) holds for "F" and "F t. The subadditivity

always holds when N = 1.

Proof. By the monotonicity of the HartleyAike measure (Klir and Wierman 1998), 0 < HL("F") <_

HL('F). Integrating over a E [0,1] yields 0 _< U(F") <_ U(F). Therefore, O <_<_e < 1 from (15).

Similarly, < < 1, or < < 1, by using (16). A.'_sume now that the subadditivity of the

llatth'y-like inca.sure holds for al t , i.('.,

fli F _ k " lh F ) II_ F , (_.

It follows from (15) and (16) _hat

I 11_ F ) H_ I* d_

(19)

= fl HL("F)da >_ 1.

Although the subadditivity may not hold in general, dim to the minimum operator in (9), it

certaanly holds when N = 1 beca_t_,se in this case

HL("F") + HL("F') = log.,(1 + I"F"I)(1 + I"#l) _>1o9_(1 + I"F'I + I"F'I) _>to_,(1 + I"F" u "Fq).

Therefore, 1 - c _< c.

[]

It is seen that coverage 1 - _ is bounded above by coverage e. 1 - _ and c can be regarded as

lower and upper bounds for an interval-valued coverage. Their difference reflects the amount of

information deficiency in the diagnostic outcome.

Suppose there are M possible control settings, each of which is designed to accommodate a

particular set of system conditions. In determining which control setting is most suitable, the

........... by (15) .......w,_,_6_ ,,_,,._ cz_ bc uzcA a_ _; cri.*,cr_;; i:; t.Sc ff;ll3wing .......... If, ¢_-........- _: ......._ ..........*;"

outcome F, c_,..-, eM are calculated, and

c_ = ,_{max,t}{c,}, (20)

then control setting C'_ is selected. Thi_ is the ¢_ence of optimal redundancy management. As

a result, the highest coverage, and, hence, also the highest reliability at the overall system level

are achieved. Apparently, a real time computation of coverage value_ for every candidate control

setting is required.

The next example will shed some light on how the computation of the coverage is carried out.

It also shows some quantitative relations of the coverage to the control performance threshold,

well as to the diagnostic resolution. For ease of visualization, a one-dimensional impairment

8pace is considered, ns shown in figan'e 6. Suppose controller C, is under consideration to

what level of coverage it can provide if it is chosen by the reconfiguration module. Suppose the
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memlw-'a.:_qmctionthatreprescnlstheperformanceof!his_:ontrollerhastileshapeofatriangle.
ItspeaM, repn_sents lhe level of nominal performance achiev(_t at some value of impairnmnt

paranleter, and e , the Lebesguo m_asure of its support, gives an mdieatmn on performanve

rolnLstm._s prnvid(_l by coi_trolh, 157. The estimated impairment p'a,'_,_,eter is represented by the

nornml hizzy se [ . al_) with a triallgnlar membership function. _ = ae,. the Lebesgue inca.sure

of the support o t is to be wmt_t between 0 and q: via paraanetet _ C [( 1]. Furthermore,

supl)o_ that sulficient _malytical redundancy exists so that fi_,nm_ 6 deserib(.'s the extreme ea.se

s(?eilal io

under wlm:h control seltm$ C would still be sele_:t(xt. This means that a different controller

wouM have been t:ho.'_m il ar max , <. e 2. In addilion, suppose the diagnostic module

provides a sutfieiently high resolution that

1_ > a, p,

whm M > 1 is a._.sumed without Io_s of generality. Note that most of the as.sumptions above

are for simplifying purpo.'a_, and casl be relaxed.

For the scenario in figure 6, fornndae for computing coverage ( and complemenlary c intrc_

duc[_t in the previous s(wtion take the following forms

-- IqF)

1, b _< co/2 - el./2

_l_ b-,ui_+.)/_l_,,[_ _,.0-.)/21 (_+,o 2_lt,.l_*,,, 2b_ ,o., e./2 tv/2 < b _< e0/2
{ 1 +u_,t}ln(l -, hal ,o,t

(|+q_a)ln(I ÷ ,o_a)-t olI

0,

c=_=

0,

_1_+_ ,or _ ,).'_1_,,1_+_ _ot' "}/_1 z_+_,,O "t

(1 levajln(l -_.aj _.a

1,

e,,/2 < b _<_0/2 + _./2

b > _,,/2 + _/2

b < e.12 - _12

e./2 - _F/2 < b < e,,/2

_(,12< b <_e,,12+ evl 2

b> to�2 + _v/2.

Note that the m_bdivision of F into F" and F t occurs at the point where 6', and/_ intersect.

This point is marked by b = _, measured from 8 = 0. Since b is proportional to the control

perfornlanee thresh()l¢ p._ , it ('an also be us_xt a.s an indication o p_ . , t /e0 is a fla[:li(itl

indicating the support of" fl_zzy se F relative to its worst cltse support at.

The nonsl)ecilicily and the r(_oluticm for lhis (!xanlph_ at'(!

(1+_ , b(l÷t, _ _t
( l)-

ln(2)e,,a

and

e

R(F) = (e,,a + 1)( '0" _)//,._l _ e'

hy equations (11) and (12). where e - 2.7183. Plots of U(F) and R versus e,./e,_ are shown in

figure 7. It can easily be derived that U(F) .._ _ wimn tv << 1.

e and e are now computed _ functions of control performance threshold tat, with diagnostic

resolution R as a parameter.

The fourth plot in figure 8 shows the interval coverage between boundaries c and 1 - c

a function b (/_./.) with resolution R -- 4.13 when a - eF/e, = 1, calculated using the above

given formulae. It is assumed that the most possible value for 0 is at 0 = %/2 = 0.25 when

eu = 0.5, and the peak location of the membership function for F remains as a changes. The

change in coverage corresponding to a gradual decrease in the value of a are shown in the third

(a - 0.65, R = 6.30), the second (a = 0.35, R - 11.58), and the first (a - 0.05, R = 80.17)

plots, respectively.

By observing the graphs obtained, the following conclusions can be drawn. The gap betw_n

dm uwo bound_ on covezat_e it,c* e.a_ wil.h d_te.a._iu_ _ (dlat_.o&i_ ,_lu_iu_), a,,d _i_L L .....

ing/_r (control performance) at the high coverage end. The value of coverage itsdf inere_so_

with increasing R at high coverage end, and with decreasing #_. All the conclusions are within

our exptmtations. Their sigrdfieance lies in that a guideline for design iteration i_ provided in a

quantitative manner for meeting a prescribed reliability requirement.

Suppose that ecwerage c, = 0.99 is required for achieving a certain prescribed reliability.

With a relatively high resolution such as shown in the first plot of figure 8 (R = 80), the control

performance threshold can be set at b = 0.22 or lower. Supple the diagnostic mod_tle designer

can afford a re_ohition only at R = 4.13 as shown in the last plot of fig_tre 8. In this case, one must

be content with a much lowered control performance at around b = 0.022 (10% of the previous

case). If this perfommnee level is not acceptable, one can attempt the fonowing: increasing the

procesaing/memory capability of the diagnostic module, or increasing the performance level of

the control module at around 0 = 0.5 without sacrificing elsewhere. The first attempt is aimed
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at cnhan(:ing rtmolutic)l l within the given decision time. sav fron I = 4 t, I = 81), and the

s(wond atWmt)t is aim_t at raising the allowahlc lewq fo] ,uT, say from = ( (12 to = ( 2, so

that dm wquired coverage level cl can be a_:hieved.

5. Conclusions

A method of redmalancy management in control reconfigurahle systems is presented, ll_-

dundancy ltlanag(!lllell[ ill such systems amounts to making control rtwonfiguration thx:isions. It

is as_mncd that eMversc conditions that may call_ the failure of the systl!ms arc paaameteriz(_t

in the system models in terms of impairment parameters. Our method of d(_:ision making is

I)iL_;(!(l O11 1_1(! lllll!rauIIOlt Of |WO UiI'LN'4( ,_i (If fllzzy st!t._ (it!iiI((!d oll lilu bt)alLdt!d Illlix. t'lSal .'_I:L ill ctlt

illlpairlllt!llt parillllt,t(!r sllaee. ()lit! t'13-_;s of fllzzy s_?ts rl?|ir(_l!llts the set _)f lll('_qllrCS of eontrol

l)t!zfotnlanct! for all connol settings, The other cla.ss represents the outcome of the inlpairmellt

parameter estimation. By introducing lhe notion of normalized nonsp(_:ifieity measure for the

lamer class, v,,t_ are able to mcmfingfidly quantify the performmwe of the rtw(mfigurable control

systems using coverage, which is defined as the likelihood of succt_sfi|l control law rcx'onfigura

tion. On the one hand, the ('overage affects the reliability of the overall systems dire(My. On

the t)ther hand, our definition of the eoverage is famctionally related to the control performance,

as well as to the diagnostic performance. It sets the criterion and provid_ a means for the

integrat(_l dt_-sigxt of control rtxxmfigurahle fault-tolerant systems.

A major theoretic i.,_sue that still remains imresolved is the suba&fitivity of the tlartley-

!ike :n:___ur:_ of two bo_md:d sets on an nm!ti-dinwnsio:lal Eu,li,toan _pa,'o wilh.ut implanting t,h_r

COIlVeXity condition oll till! st_ts. This has r_trieted the application of our solutitm to prohlelns of

sequential single-fault scenarios, instead of sequential simultan(_ms-faults st:cnarios. (lver('onling

this r(_tri('tif)n may r(_tuire that a new type of llarth'y-like measure he defined.
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